Keratins are cytoskeletal proteins encoded by a multigene family. We have identified the first human keratin pseudogene and determined its complete nucleotide sequence. Sequence comparisons indicate that the pseudogene arose from a very recent duplication of the 50-kd keratin (K14) gene. The coding and the intron sequences of the two genes are 95% and 93% identical, respectively. Although the sequence of the regulatory region in the pseudogene is virtually identical to that in the 50-kd functional gene, several deleterious mutations have been identified in the pseudogene. There are three frameshifts in the coding regions, one of which is a perfect 8-bp duplication. A single-base-pair deletion in the first exon and a singlebase-pair insertion in the penultimate exon also result in frameshifts. The three remaining deleterious mutations interfere with the mRNA processing signals: two alter the intron/exon boundaries, and the third disrupts the polyadenylation signal. These mutations clearly identify the sequence as a human keratin pseudogene.
Introduction
The cytoskeleton of eukaryotic cells consists of three networks: actin microfilaments, microtubules, and intermediate filaments. Each network is constructed from a family of proteins with tissue-specific regulation of expression, and each protein family is encoded by the corresponding gene family (Vandekerckhove and Weber 1979; Cleveland and Sullivan 1985) . There are six actin isotypes in mammalian tissues (Vandekerckhove and Weber 1979) , but the number of actin genes varies in different organisms, from one in yeast to perhaps 50 or more in human and murine genomes (Ponte et al. 1983) . A majority of human and murine actin genes are processed pseudogenes, which result from reverse-transcription of mRNA and subsequent integration of such transcripts into the genome. Processed pseudogenes lack introns and often contain remnants of the poly-A tails found in mRNA (for review, see Walsh 1985) . Nonprocessed pseudogenes, on the other hand, have introns and are usually found adjacent to members of their multigene family. They originate from functional genes that were inactivated by mutations (Clark et al. 1985; Kappes and Strominger 1986; Zaphiropoulos et al. 1986) .
Intermediate filaments contain the most complex of the cytoskeletal proteins (Steiner% and Parry 1985) . According to the tissue in which they are expressed, intermediate filaments can be separated into the following five types: muscle desmin, mesenchymal vimentin, glial fibrillary acidic protein, neuronal neurofilaments, and epithelial keratins. By means of recombinant-DNA techniques, clones encoding examples 98 Savtchenko, Freedberg, Choi, and Blumenberg of each type have recently been developed and the gene sequences determined (Hanukoglu and Fuchs 1982; Quax-Jeuken et al. 1983; Steiner-t et al. 1983; Balcarek and Cowan 1985; Lewis and Cowan 1985; Quax et al. 1985) . In the mammalian genome, each nonepithelial intermediate-filament protein is encoded by a single gene, and no pseudogenes have been reported for these proteins to date (Lewis et al. 1984; Quax et al. 1985; Lewis and Cowan 1986) .
Keratins are encoded by a large multigene family. Approximately 26 different keratin proteins have been characterized on two-dimensional gels (Moll et al. 1982; Cooper and Sun 1986) . In several cases it has been found that different keratins comigrate to the same area of the two-dimensional gel. This indicates that the number of keratin proteins may be even higher (Tyner et al. 1985) . On hybridization with keratin cDNA probes in Southern blots, 20-25 different bands have been visualized in each of the two subfamilies (Fuchs et al. 1981) . However, DNA hybridization analysis is not adequate to assess the number of keratin genes in the mammalian genome, owing to the extensive cross-hybridization of the keratin-coding DNAs (Fuchs et al. 198 1; Trevor and Oshima 1985; Blumenberg and Savtchenko 1986) . Only processed pseudogenes related to the 45-kd acidic keratin have been identified by means of DNA hybridization methods (Trevor and Oshima 1985; Vasseur et al. 1985) .
In the present paper we report the complete sequence of a human keratin pseudogene. Deleterious mutations in this pseudogene include frameshifts in the coding regions and disruptions of the mRNA processing signals.
In time, pseudogenes diverge from their original sequence. The extent of divergence can be used as a molecular clock to infer the time that has elapsed since the original gene duplication. Because of large sequence similarity, we believe that this pseudogene and the 50-kd acidic keratin gene derived from a relatively recent duplication of a common ancestor (Marchuk et al. 1984 ).
Material and Methods
The screening of a human genomic DNA library in Charon 4A vector, as well as the growth of phage clones, DNA isolation and purification, agarose-gel electrophoresis, Southern transfer, and restriction mapping, have been described elsewhere (Maniatis et al. 1982) . DNA segments containing the region of interest were subcloned into M 13 single-stranded vectors and analyzed by means of a dot-blot screening procedure (E. S. Savtchenko and I.-Y. Choi, unpublished data) . The DNA sequence was derived by means of the dideoxy chain-termination method (Sanger et al. 1977 ). Analysis of the DNA sequences was performed on an IBM PC XT, using the programs of Pustel and Kafatos ( 1984) purchased from International Biotechnologies.
Results
Several clones from our Charon 4A library show strong positive signal bands when hybridized to the acidic keratin cDNA probe (Marchuk et al. 1984) . Three of these clones-2H3, 2B7, and 3E5-contain overlapping segments of genomic DNA ( fig. 1 ). The total length of the cloned human DNA is -23 kbp. Only the 2H3 clone contains the entire pseudogene. The other two clones lack the 5' end of the pseudogene and contain identical human-DNA inserts in opposite orientations from each other
1 .-Clones containing the pseudogene. The top line represents the structure of the pseudogene. The bars represent the hypothetical coding sequences, and the lines between them represent the introns. 2H3, 2B7, and 3E5 are three independent isolates. The location of the pseudogene in the clones is marked with empty boxes. L and R represent the left and the right arms of the lambda vector, respectively. K = sites for KpnI; and H = sites for Hind111 restriction enzymes.
relative to the lambda vector. The three clones, therefore, represent three independent isolates of the DNA containing the human keratin pseudogene.
The human keratin pseudogene spans -5.12 kb. Its sequence is represented in fig. 2 . Approximately 100 bp between the EcoRI and the PstI sites in the first intron have not been sequenced ( fig. 2 , e). Seven introns separate eight hypothetical coding regions. The positions of the introns are identical to the positions of the introns in members of the acidic keratin gene family (Rieger et al. 1985) . The gene cannot encode a functional protein, since several mutations render it inactive. The deleterious mutations are indicated in figure 2 and analyzed below.
Deleterious Mutations
Three of the mutations in the pseudogene cause frameshifts. A single-base-pair (C) deletion in the first exon ( fig. 2, b) is in the region that codes for the glycine-and serine-rich segment of the keratin protein, a region subject to frequent unequal crossovers Klinge et al. 1987 ). This mutation may be a consequence of faulty DNA repair following such a crossover event.
A single-base-pair (G) insertion appears at the seventh exon/intron junction, leaving an additional nucleotide in the seventh exon ( fig. 2, 1 ). Since no compensatory deletion was found in the eighth exon, this mutation also creates a frameshift in the last exon.
The most evident of the deleterious mutations is the 8-bp duplication in a segment of the third exon ( fig. 2, g ). It causes a frameshift that introduces a termination codon a few codons downstream from the duplication ( fig. 3 ). To ensure that the 8-bp duplication was not a cloning artifact, we sequenced the same segment from two independent isolates from the library. Since the duplication was found in both isolates, we conclude that it was present in the genome of the individual whose placenta served as the source of the DNA (Maniatis et al. 1978 ). If the reading frame of the third exon is restored by deleting the 8 bp, a singlebase-pair substitution changes TAC, a tyrosine codon, into a TAA stop codon at the end of the same exon ( fig. 2, h) .
The pseudogene has also accumulated several point mutations that interfere with the processing of mRNA. Although all 3' segments of introns are preserved, mutations were found in the 5' regions of introns (fig. 4) . Introns have obligate GT dinucleotides at their 5' ends (Breathnach and Chambon 198 1; Mount 1982). In the human keratin pseudogene this dinucleotide suffered point mutations that changed the GT dinucleotide into GC, TT, and AT in introns 2, 5, and 6, respectively ( fig. 2, f; fig. 2, j; fig.  2, k) .
The sequence of the polyadenylation site mutated from AATACA in the 3' end of the 50-kd keratin functional gene (Marchuk et al. 1984) to ACTACA in the pseudogene ( fig. 2, m) . Search of >500 bp downstream from the stop codon failed to reveal a secondary polyadenylation signal. 
Rearrangements
Two differences between the human keratin pseudogene and the functional 50-kd gene in the first exon would result in a polypeptide sequence two amino acids shorter than the equivalent sequence in the 50-kd gene. The first rearrangement is a change from CGCCAGT in the 50-kd gene to GCAG in the pseudogene ( fig. 2, a) ; the second is a deletion of one AGC serine codon in a series of six such codons ( fig.  2, c) . There are two other interesting alterations that are not point mutations. One is an 1 1-bp duplication that is present in the first intron of the gene for the 50-kd keratin but is absent in the pseudogene ( fig. 2, d) ; the other one is in a simple sequence in the third intron. The gene for the 50-kd keratin contains (A)z7(GA)ioTT(GA)8. This sequence has been changed to (A)13(GA)6 in the human keratin pseudogene ( fig. 2, i) . Simple sequences are tandemly repeated short segments. They are usually hot spots for recombination by means of unequal crossover, which creates a variable number of tandem repeats. These sequences often cause polymorphisms in the human population (Nakamura et al. 1987) .
The mutations are uniformly distributed along the pseudogene DNA sequence, as shown in figure 6, which compares several restriction sites in the pseudogene and the functional acidic 50-kd keratin gene. In spite of the great similarity between the two genes, the longest identical segment is 80 bp (data not shown). 
Discussion
The structure of the first described human keratin pseudogene conforms, in the placement of the introns and the lengths of the exons, to the structure of acidic keratin genes. (Rieger et al. 1985) . The translation of the putative exons, when corrected for the three frameshifts, yields a protein sequence similar to all intermediate-filament protein sequences: it has a central alpha-helical domain of -3 10 amino acids bracketed by two nonhelical domains rich in glycines and serines .
Nonprocessed pseudogenes are usually found in the vicinity of functional genes belonging to the same family (Walsh 1985) . Keratin genes have been found closely linked to each other (Blumenberg and Savtchenko 1986; RayChaudhury et al. 1986) . Although this pseudogene arose from the duplication of the ancestor common to both it and the 50-kd keratin gene (and so the two genes could still be linked in the human genome), no additional keratin genes were found contained within the 23 kb of DNA in our three overlapping clones ( fig. 1) .
Mutations in the mRNA Processing Signals
Among the mutations present in the human keratin pseudogene, several affect the mRNA splicing. Three of these mutations change the canonical GT dinucleotide in the 5' end of the introns. Although the GC in this position of the second intron could be functional (Boss et al. 1985) , it could also induce additional splicing sites (Wieringa et al. 1983 ). The mutations in introns 5 and 6 probably abolish splicing of these two introns.
The role of the polyadenylation at the 3' end of mRNA is to stabilize the transcript (Fitzgerald and Shenk 198 l) , and the mutation that destroys the polyadenylation site of the human keratin pseudogene could make its transcript unstable. It is therefore not surprising that an mRNA derived from the human keratin pseudogene has not been detected (Marchuk et al. 1985) .
The -500 codons in the exons represent a 1 ,OOO-bp target for deleterious mutations, whereas the mRNA processing signals, (14 intron/exon boundaries and the polyadenylation site) comprise -34 essential base pairs. Surprisingly, there are four deleterious mutations in the coding region and three in the mRNA processing sites. We do not have a plausible explanation for this unusual distribution.
Evolutionary Aspects
The sequence of the human keratin pseudogene is very similar to the sequence of the human 50-kd keratin gene. Although both genes are also similar to the 46-kd keratin gene, these similarities are confined to the coding regions ( figs. 3, 4) .
The substitution rate for pseudogenes in mammalian DNA has been estimated to be -4.7 X 10e9 substitutions/bp/year (Li et al. 1985) . When the sequences of orthologous intermediate filaments-such as those of the Syrian hamster and human vimentin genes-are compared, and if it is assumed that the time of separation between humans and hamsters is -80 Myr ago (Goodman 198 l) , the 76% identity of the unselected third positions of codons translates into 3 X 1 Oe9 substitutions/bp/year (M. Blumenberg, unpublished data). In the untranslated regions the identity between the 50-kd gene and the human keratin pseudogene is 92.8%. On the basis of this number, it can be inferred that the gene duplication occurred -24 Myr ago.
The human keratin pseudogene and its functional counterpart are very closely related to a pair of murine genes that encode a pair of 52-kd keratins (Knapp et al. 1987 ). The orthologous relationship among these genes is indicated by the considerable similarity in the 3'-untranslated regions, a feature that was used to establish orthologies in other cytoskeletal gene families (Yaffe et al. 1985) . The situation is somewhat complicated by the fact that the separation of the human 50-kd gene and the human keratin pseudogene occurred almost 60 Myr after the separation of human and rodent lines. Therefore, both human genes are orthologues of the two murine genes, which themselves appear to be a relatively recent duplication. Apparently, independent duplications of these genes occurred in both the human and the murine ancestry, but whereas mutations rendered one of the genes inactive in humans, both are functional in mice (Knapp et al. 1987) . A gene duplication as recent as the one described in the present paper indicates to us that the keratin genes may still be in active flux, with new genes arising and being selected for while others are extinguished or changed.
